To some extent, differential zinc (Zn) efficiency of cereals, particularly differences between species may be attributed to phytosiderophores (PSs) release and inorganic Zn (Zn 2+ ) uptake; however, the discrepancies within a given species are still under discussion. Moreover, studies on the explanations of differential Zn efficiencies of barleys are limited. That is why using two barley (Hordeum vulgare L.) cultivars (Zn-efficient, Tarm-92 and -inefficient, Hamidiye-79), two short-term uptake experiments were designed with two forms of Zn, free Zn (Zn 2+ ) or PS chelated Zn (Zn-PS) labelled with radioactive Zn ( 65 Zn) in nutrient solution culture. Similar to earlier studies, the Zn uptake by roots and its translocation to shoots of barley supplied as either free (Zn 2+ ) or chelated (Zn-PS) was induced under Zn deficiency. Although according to results of previous works, a close relationship between Zn 2+ uptake of roots and Zn efficiencies of the same barley cultivars might have existed, the outcomes of the present research showed the opposite. Neither the uptake of Zn 2+ and Zn-PS from roots nor their translocation to shoot had any compatible connection with the Zn efficiencies of barley cultivars. So the reason for differential Zn efficiency within a given cereal species remained unclear including barley as well.
INTRODUCTION
Zinc (Zn) deficiency is one of the well-recognized micronutrient deficiencies all over the world and particularly in calcareous soils of arid and semi-arid regions (Cakmak et al., 1996a) . The use of Zn containing fertilizers to eliminate the problem of Zn deficiency is a typical application. However, plant species (Moraghan, 1984) and cultivars within a species, mainly wheat (Cakmak et al., 1996b (Cakmak et al., , 1998 Graham et al., 1992) significantly differ in their ability to take up Zn from soils or to utilize this absorbed Zn internally. In the light of such genotypical differences, the importance of breeding genotypes with higher efficiency in Zn uptake from soils or utilization of Zn in plants increases. Also, the genotypes of a given species show substantial differences in sensitivity to Zn deficiency. As in wheat and barley, there is a significant genotypic variation in Zn efficiency (Graham et al., 1992) . The barley cultivars, and Tarm-92) barley cultivars used in present work (adapted from Erenoglu et al., 1997). used in the present study differ in their sensitivity to Zn deficiency in the field (Yilmaz et al., 1996) and greenhouse conditions (Cakmak et al., 1998; Sadeghzadeh et al., 2016) .
Even though extensive studies have been conducted, particularly for wheat genotypes, the reason for differential Zn efficiency of cereals is still not well understood. For example, differences in root morphology (Dong et al., 1995) , release of Zn-mobilizing phytosiderophores (PSs) (Erenoglu et al., 1996) and Zn uptake capacity of roots (Cakmak et al., 1998) were discussed as possible responsible mechanisms for expression of Zn efficiency. Although so many research papers have been published concerning possible physiological mechanisms that are playing roles in differential efficiencies of wheat cultivars under Zn deficiency, studies with barley are limited. The release of Zn-mobilizing PSs (Erenoglu et al., 2000) , Zn 2+ uptake (Erenoglu et al., 1997) , and root exudation (RasouliSadaghiani et al., 2011) are examples for those limited studies.
Graminaceous species increase the synthesis and release of non-protein amino acids, called PSs to the rhizosphere, under deficiencies of Fe (Römheld, 1987; Takagi, 1976) or Zn (Erenoglu et al., 1996 (Erenoglu et al., , 2000 Hopkins et al., 1997; Zhang et al., 1989) . It was also the case for barley that the Zn deficient plants released PSs but not as much as Fe deficient ones (Erenoglu et al., 2000) . The well-known higher sensitivity of durum wheat to Zn deficiency Cakmak et al., 1996a ) was ascribed to their lower PS release rates from roots (Erenoglu et al., 1996) . However, the observation of such close relationship was always not possible, as it happened with bread cultivars having different Zn efficiency. Erenoglu et al. (1996) found out that the genotypic differences in Zn efficiency among the bread wheat genotypes were not well related to the rate of PS release. In the case of barley cultivars, Erenoglu et al. (2000) showed that the Zn-efficient barley cultivar Tarm-92 had released higher amounts of PSs than the Zninefficient Hamidiye-79.
In long-term experiments under field conditions (Yilmaz et al., 1996) as well as under greenhouse conditions (Cakmak et al., 1998; Genc et al., 2004) , Zn-efficient barley genotypes had a higher Zn uptake capacity than Zn-inefficient ones. In a short-term experiment conducted using chelator-buffered nutrient solution culture under controlled environmental conditions, Zn-efficient barley also had a greater Zn 2+ uptake rate than a Zn-inefficient one (Figure 1) ( Erenoglu et al., 1997) . However, up to date, ZnPS uptake abilities of barley cultivars differing in Zn efficiency were not compared in a scientific research paper.
Under the light of what is described above two shortterm uptake experiments were conducted to see the roles of different Zn forms -Zn 2+ and ZnPS-in differential Zn efficiencies of barley cultivars using plants pre-cultured with or without Zn supply in nutrient solution culture in a climate chamber under controlled environmental conditions. In the first experiment, the Zn-efficient andinefficient cultivars were compared for disclosure of the relationship between their Zn efficiencies and Zn 2+ and ZnPS uptake capacities at 1 x 10 -6 M concentrations of both Zn forms. Erenoglu et al. (1997) (Yılmaz et al., 1996) and a greenhouse (Cakmak et al., 1998) experiments, Tarm-92 and Hamidiye-92 were classified as Zn-efficient and -inefficient, respectively.
For both experiments, surface-sterilized seeds of barley cultivars were germinated in quartz sand moistened with saturated CaSO4 solution. After 5 days, seedlings were transferred to 2.8-L plastic pots (20 seedlings per pot) containing continuously aerated nutrient solution prepared as follows: (in mM): 0.88 K2SO4, 2.0 Ca(NO3)2, 0.25 KH2PO4, 1.0 MgSO4, 0.1 KCl, and as μM 100 Fe(III)EDTA, 1 H3BO3, 0.5 MnSO4, 0.2 CuSO4, and 0.02 (NH4)6Mo7O24. The Zn was supplied in the form of ZnSO4 at concentrations of 0 μM (forZn plants) and 1 μM (for +Zn plants). For both experiments, plants were pre-cultured in nutrient solution for 11 days; and to have a nutrient-free apoplast during short-term uptake experiment, they were removed into a micronutrient free solution for one day.
Zn

2+ uptake vs. ZnPS uptake (Experiment I)
On day 12, a part of the plants was transferred into 0.5-L containers (each contained 2-bundles with two plants) and supplied with 1 x 10 -6 M ZnSO4 or ZnPSs (hydroxymugineic -acid) + 500% excess of PSs, labeled with 65 Zn (46 KBq) for 3 h in freshly prepared micronutrients free nutrient solution. Four replicas were used to represent each treatment. After the uptake period, the roots were washed with 1 mM CaSO4 and 1 mM NaEDTA for 10 min to remove extracellular 65 Zn, respectively. Following the termination of the experiment, each bundle in each pot was collected as one replica, and in total, each treatment had four independent replicates. The roots and shoots were harvested, dried, and ashed at 550°C. After that, the ashed samples were dissolved in HCl and assayed for 65 Zn activity by liquid scintillation spectrometry.
For determining Zn nutritional status of plants grown for 12 days with or without Zn supply, the plants were harvested, separated into shoot and roots, oven dried (70°C), ashed at 500°C, dissolved in 1% HCl, and later on, analyzed using AAS (Atomic Absorption Spectroscopy). Four replicas were examined to represent each treatment.
Zinc uptake at low ZnPS supply (Experiment II)
After 11 days of pre-culture, the plants were transferred to micronutrients free solution and on day 12, a part of them was moved into 5-L containers (each contained 2-bundles with two plants) and supplied with 4 x 10 -8 M ZnPSs (hydroxymugineic acid) + 500% excess of PSs, labeled with 65 Zn (185 kBq) for 8 h in freshly prepared micronutrients free nutrient solution. In this experiment as well, four replicas were used to represent each treatment. Root washing after uptake period; preparation of samples; and measuring the activities in them were also done as explained in Experiment I.
Statistics
Experiments were designed using four replicas for each treatment, and the results of each trait were analyzed using ANOVA and Duncan's test at p < 0.05.
RESULTS
Experiment I
For clarifying the relationships between the Zn efficiencies of two barley cultivars and their Zn uptake capacities, a short-term uptake experiment was set up. Earlier results obtained using both varieties emphasized that there were relations between Zn efficiencies of both cultivars and their phytosiderophore releases (Erenoglu et al., 2000) and Zn 2+ uptake (Erenoglu et al., 1997) . In such a way, that the Zn-efficient cv. Tarm-92 reached up to higher PSs release rates and absorbed higher Zn 2+ in comparison to the Zn-inefficient cv. Hamidiye-79.
After 12 days of preculture with or without Zn application, some growth parameters such as shoot and root dry weights and roots to shoot ratios (Table 1) and Zn contents per shoot or root dry weights (Table 2 ) of both cultivars revealed that the Zn-deficient plants of both varieties were suffering from Zn deficiency. Although the root dry weights of both cultivars were not affected by Zn composition of the nutrient solution, the shoot growths were significantly regressed by the non-sufficient supply of Zn. Because of this, roots to shoot ratios of plants grown without Zn were higher than control plants. Following these results, when the plants were supplied with deficient Zn, the Zn concentrations in shoot and roots of both cultivars decreased very drastically (Table  2) .
Both barley cultivars pre-cultured without Zn tended to take more Zn 2+ and ZnPS up compared to those precultured with Zn supply (Figure 2a) . However, Zn deficiency induced Zn uptake was much more evident for Zn 2+ than Zn-PS. While the Zn-deficient plants absorbed up to 5.1-fold (Zn-efficient cv.) more Zn 2+ in comparison to Zn-sufficient plants, the increment for Znphytosiderophores uptake was only 1.5-fold (Zn-efficient cv.). For neither inorganic Zn nor Zn-PS, there were no distinct differences among the cultivars. In fact, the Zn efficient cultivar, particularly in the case of Zn-PS, showed lower Zn uptake capacity than the Zn inefficient one.
When it comes to transport of absorbed Zn from roots to shoot, Figure 2b shows a similar tendency to that of the root uptake values. Both barley cultivars pre-cultured (Figure 2b) . Moreover, the effect of Zn deficiency on the induction of this translocation was almost twice higher in comparison to the induction of uptake. Opposite to very distinct differences in Zn deficiency induced Zn uptake values for Zn 2+ than Zn-PS, the distinctions in Zn translocation values for Zn 2+ than Zn-PS became less. It is to say that; while the Zndeficient plants translocated up to 9.6-fold (Zn-efficient cv.) more Zn 2+ in comparison to Zn-sufficient plants, the increment for Zn-PS uptake was 3.8-fold (Zn-efficient cv.). Among the cultivars, there were no apparent differences for neither inorganic Zn nor Zn-PS translocations.
Experiment II
As mentioned above, in an earlier study conducted using chelator-buffered nutrient solution, a clear relationship between Zn efficiencies of both cultivars and their Zn 2+ uptake at 4 x 10 -8 M free Zn 2+ activity had already been shown (Erenoglu et al., 1997) . That is why another shortterm uptake experiment was set up to study the relationships between Zn efficiencies of these two barley cultivars and their Zn uptake from a solution with 4 x 10 -8
M final Zn-PS concentration. After 12 days of pre-culture with or without Zn application, some growth parameters such as shoot and root dry weights and roots to shoot ratios of both cultivars harvested after the experiment revealed that the Zndeficient plants of both cultivars were in Zn deficiency stress (Table 3 ). Since the behaviours of both varieties were similar to their performances in Experiment I, these observations are not given here. Parallel to the results obtained in Experiment I, both barley cultivars pre-cultured without Zn showed a tendency to take more Zn-PS up compared to those precultured with Zn supply (Figure 3a) . However, although 25 times lower Zn-PS concentration than Experiment I was applied, similar to Experiment I, no apparent differences in Zn absorption of both cultivars were found. Moreover, the induction of Zn-PS uptake under Zn deficiency for both varieties was in similar range given for Experiment I.
Roots to shoot transport of Zn-PS in both cultivars are presented in Figure 3b . Similar to Experiment I, although there was no apparent genotypical difference, the amounts of Zn-PS translocated from roots to shoot increased in both varieties.
DISCUSSION
As it is in well-agreement with earlier studies (Erenoglu et al., 1996 (Erenoglu et al., , 2000 , the growth parameters and tissue Zn concentrations in shoot and roots of barley cultivars (Tables 1 and 2 ) were negatively affected from the deficient supply of Zn. It is to say that the Zn-deficient plants showed declined shoot growth, enhanced roots-toshoot ratios, and dramatically decreases in Zn concentrations of the shoot and root tissues.
As scientifically well proven, plant species (Moraghan, 1984) and cultivars within a species, particularly in wheat (Cakmak et al., 1996b (Cakmak et al., , 1998 Graham et al., 1992) significantly differ in their ability to take Zn up from soils or to utilize it internally. As in wheat, there are also sizeable genotypic differences among the barley cultivars concerning Zn efficiency (Graham et al., 1992; Yilmaz et al., 1996; Cakmak et al., 1998; Sadeghzadeh et al., 2016) .
A large number of mechanisms contributing to Zn efficiency have been proposed which might be operative either in the rhizosphere or within plants; for example, differences in root morphology, mycorrhizal infection, the release of Zn-mobilizing PSs, uptake, translocation, and compartmentation of Zn (Graham and Rengel, 1993) . Shortly after this introduction, the reason for differential Zn efficiency of wheat genotypes was extensively studied but is still not well understood. Enhanced root growth (Dong et al., 1995) , release of Zn-mobilizing PSs from roots (Cakmak et al., 1998) , and an increased Zn uptake capacity of roots (Cakmak et al., 1998) were suggested as possible parameters determining Zn efficiency. For barley, only the release of PSs was investigated in detail among these possible mechanisms in differential Zn efficiencies of a species or cultivars within a species (Erenoglu et al., 2000) . Besides, the potential role of Zn 2+ uptake in Zn efficiency of the same barley cultivars was evaluated in short-term uptake experiment set up in a chelator-buffered nutrient solution (Erenoglu et al., 1997) .
In accordance with an earlier study conducted using barley cultivars in chelator-buffered nutrient solution (Erenoglu et al., 1997) , the Zn uptake by roots of barley plants is induced under Zn deficiency in conventional nutrient solution (Figures 2 and 3) . Besides, this output is similar to those found in other cereals as well (Cakmak et al., 1998; Rengel and Hawkesford, 1997; Rengel and Wheal, 1997) . Possibly, this induction in Zn 2+ uptake is due to one (or combination) of the six members of ZIP family transporters which were recently found in barley suffering from Zn deficiency (Tiong et al., 2015) .
As it was clearly proved, to some extent, differential Zn efficiency of cereals may be attributed to Zn 2+ uptake capacities of cereals, particularly when compared to bread wheat, higher Zn efficiency of rye and lower efficiency of durum wheat to their higher and lower Zn 2+ uptake abilities, respectively (Cakmak et al. 1998 ). However, up till now, the reason for a higher Zn uptake rate of rye or lower Zn uptake of durum wheat under deficient supply of Zn is not scientifically clarified yet. Differences in the Zn uptake rates are also known within genotypes of a given cereal species such as sorghum (Ramani and Kannan, 1985) , bread wheat (Rengel and Wheal, 1997) , and barley (Erenoglu et al., 1997) . However, no clear difference could be found between Znefficient and Zn-inefficient bread wheat cultivars in either uptake or root-to-shoot translocation rates of Zn (Cakmak et al. 1998) . In the present study, the Zn-efficient andinefficient barley cultivars did not show any consistency between their efficiencies and Zn 2+ uptake (Figure 2a ). This result was surprising since the Zn 2+ absorptions of same cultivars had reflected perfect accordance with their Zn efficiencies in a chelator-buffered nutrient solution supplied with 4 x 10 -8 M free Zn in previous work (Erenoglu et al., 1997) . The reason for such discrepancy is not known and may be the result of different experimental conditions (that is, use of a chelate-buffered nutrient solution or 25 times lower free Zn activity than present experiment).
As it is well-known, graminaceous plant species increase capacities for PS release and Fe(III)-PS absorption under iron deficiency (Römheld and Marschner, 1986) . In roots of maize high-affinity Fe(III)-phytosiderophore uptake is necessary to produce healthy plants and is strongly dependent on the YS1 gene (von Wiren et al., 1994) and there is the stoichiometric uptake of metal and ligand (von Wiren et al., 1995) . Besides Fe, while the putative Fe-PSs transporter in maize (Zea mays L.) roots recognizes Zn-PS (von Wiren et al., 1996) , ZmYS1 complements the growth defect of the zinc uptake-defective yeast mutant zap1 and transports PSbound Zn into oocytes (Schaaf et al., 2004a) . In parallel, the results of the present paper indicated that barley could also take Zn-PS up (Figures 2a and 3a) and translocate it into shoots (Figures 2b and 3b) . However, the opposite of Zn 2+ uptake (Figure 2a) , the inductive effect of Zn deficiency on Zn-PS uptake (Figures 2a and  3a) was very low. In agreement with this, in leaves of maize, while Fe deficiency upregulated ZmYS1 transcript levels very strongly, Zn deficiency had a minimal effect on it (Schaaf et al., 2004b) . As it is for Zn 2+ uptake (Figure 2a ) and translocation (Figure 2b) , no apparent relation exists between Zn efficiencies and Zn-PS uptake (Figures 2a and 3a) or its translocation into shoots (Figures 2b and 3b) .
As mentioned above, in a previous study conducted using the same barley cultivars, a positive relationship between Zn efficiencies and Zn 2+ uptake rates had been observed (Erenoglu et al., 1997) ; however, in the present study, this relation disappeared (Figure 2a) . Besides, lower free Zn activity in chelate-buffered nutrient solution was mentioned as one of the possible reasons for this discordance. Nevertheless, the barley cultivars having differential Zn efficiencies did not show any differences concerning their Zn efficiencies for either ZnPS uptake or translocation (Figures 3a and 3b) even at a lower Zn concentration (4 x 10 -8 M) compared to the mentioned study (Erenoglu et al. 1997) .
Conclusion
In line with earlier studies (Cakmak et al., 1998; Erenoglu et al., 1997 Erenoglu et al., , 1999 Rengel and Hawkesford, 1997; Rengel and Wheal, 1997) , the Zn uptake by roots of barley supplied as either free (Zn 2+ ) or chelated (Zn-PS) was induced under Zn deficiency (Figures 2a and 3a) . However, the induction was much apparent for Zn 2+ than Zn-PS. Although according to results of previous works (Erenoglu et al., 1997 ) that a close relationship between Zn 2+ uptake capacity of roots and Zn efficiencies of the same barley cultivars might have existed, the outcomes of present research paper showed the opposite. In such a way, that neither the uptake of Zn 2+ and Zn-PS from roots (Figures 2a and 3a) nor their translocation from roots-toshoot (Figures 2b and 3b) had no compatible connection to the Zn efficiencies of barley cultivars. So the reason(s) for differential Zn efficiency within a given cereal species remained unclear including barley. Internal utilization efficiency might also be considered as a possible mechanism in differential efficiencies in cultivars of a species. Also, such differences within a species might also be combined results of multiple mechanisms, which are not easily followed experimentally in laboratory conditions.
